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Chapter I 
Beam-Foil 
Spectroscopy 
1.1 Intoduction 
Experimental and theoretical studies of highly charged ions provide infor-
mation about the effects of electron correlation, relativity, quantum electro-
dynamics and nuclear structure on atomic energy levels. Experimental study 
of highly charged ions is of great importance from Astrophysical point of view 
due to the presence of highly charged ions in almost all the non-terrestrial 
sources such as corona of sun, stellar atmosphere, clusters of galaxies and su-
pernova remnants. These sources have temperature components greater than 
1 MK which result in production of highly ionized charge states of cosmi-
cally abundant elements. The radiation produced by these ions is essentially 
the only means for diagnosing the physical properties of these somces. A 
large portion of these radiation fall in the x-ray band below 20 A" making 
this band one of the most useful band for inferring sources physical con-
ditions. The abiUty to reliably interpret the high resolution data of the 
non-terrestrial sources depends upon the correct understanding and appli-
cation of the atomic data on which the line of observation is based. The 
complete and accurate atomic reference data, based on the physical para-
meters like lifetime, energy level structure, oscillator strength etc of highly 
charged ions, is an essential requirement for development of reliable models 
that may be able to reproduce the astrophysical observation and extract the 
physical parameters of interest. As far as the laboratory plasma is concerned 
the spectra of HCI contain important information about the macro para-
meters (like electron and ion temperature, density, and charge distribution) 
and therefore provide an important diagnostic tool for the investigation of 
hot laboratory plasma. Apart from astrophysical spheres, data on various 
physical parameters of highly charged ions are also essential for development 
and testing the merits and shortcomings of various atomic physics theories, 
which are used for theoretical modeling of atomic structures and to predict 
theoretical values of various physical parameters related with atomic physics. 
During the last twenty years, Beam-foil spectroscopy (BFS) has emerged as 
a powerful technique for studying the highly charged ions of almost all the 
elements . Besides, it has been instrumental to significant technical advance-
ments in the production, control and selection of beams, as well as their 
spectroscopy. It is now possible to study systems ranging.from negative ions 
to H-like Uranium. The work has been facilitated by the development of new 
light sources but also by technical advances in the use of more traditional 
light sources. 
The beam-foil technique is quite simple in both conception and execution. 
A well coUimated fast moving ion beam is made to pass through solid target 
which is typically thin self supporting amorphous Carbon foil of a few hun-
dred atomic layers thick. The ion beam is obtained from an accelerator and 
magnetically analyzed to ensure chemical purity and to select charge state 
of interest before being made incident on the target. The entire target setup 
is kept in highly evacuated vessel called target-chamber. 
Throttling of the incident ions through the foil results in very large number 
of collisions between the incident ions and target atoms of the foil in a very 
short interval of time. As a result of these collisions the electronic structure 
of the ions gets entirely deformed, all the electrons get knocked out of their 
orbits and make a tail like structure due to coulomb attraction. On emerging 
out the ion may reform its electronic structure partially as ion velocity is still 
too large for complete reformation. The net effect of this complete deforma-
tion and partial reformation of the ion is further ionization of the ion, besides 
high excitation involving one (single excitation) or more electron (multiple 
excitation). However due to ultra complex nature of beam foil interactions 
the ionization as well as the excitation are statistical in nature. The target 
foil serves to further strip and excite the remaining electrons of the beam 
ions as these traverse through it. The degree of ionization for particular 
ion specie though statistical in nature depends upon the ionic velocity- or in 
more general terms beam energy. Target thicknesses are usually chosen so 
that equilibrium distribution of various charge states of ionization and exci-
tation are produced in the emerging ions. The spontaneous de-excitation of 
the individual foil-excited atoms and ions of the beam occurs in flight down 
stream from the foil. The resulting emitted radiation constitutes beam-foil 
source. 
1.2 Beam-Foil Source and Other Spectroscopic Sources 
There have been many creations and refinements of spectroscopic sources 
ranging from the traditional ones such as simple flame, arc, spark and glow 
discharge to the more recently developed sources of highly ionized atoms such 
as plasma pinch discharge, laser induced plasma and the beam -foil radiation 
source with high incident beam energy. Differences between the beam-foil 
source and the other spectroscopic sources stem primarily from the fact that 
the beam-foil excitation process occurs in a high density medium (a foil), 
while the de-excitation takes place spontaneously in a comparatively low 
density environment, i.e., a well-evacuated target-chamber with residual gas 
particle densities 10^^/cm?. In most other sources both the excitation and 
de-excitation events occur in the same medium, which is often restricted to 
a gas at some intermediate particle density. This situation is a compromise 
between the optimum conditions for excitation and those for de-excitation. 
Where it is desirable to maintain low-density conditions in such a source 
to minimize perturbation due to the spontaneous radiative process, it is of 
course equally desirable to operate the source at density as high as possi-
ble to maximize the excitation (some times ionization) efficiency. In the 
beam-foil arrangement, where different media are involved in excitation and 
de-excitation, both these conditions can be satisfied without compromise. 
Source perturbation (which may plague other sources) such as inter ionic 
field, radiative recombination of beam ions, and stray electrons, resonance 
reabsorption of emitted radiation and the stimulated emission of the radia-
tion are all negligibly small in the beam-foil source due to low beam particle 
densities (typically 10^°/cm^). In most other sources encountered, excitation 
and de-excitation occur in the same medium and as a consequence the par-
ticle densities are at least several orders of magnitude higher. 
1.3 Post-Foil Charge State Distribution 
Due to the statistical nature of charge exchange processes in the foil mate-
rial, the ions emerge from the foil in a distribution of charge states (ionization 
stages) that is approximately Gaussian in shape. The mean of this distrib-
ution increases with incident beam energy and the width of the distribution 
tends to become greater for heavy ions. The beam foil investigator requires 
knowledge of the energy dependence of these post-foil charge distributions in 
order to choose the optimum incident beam energy to maximize a particular 
ionization stage. A survey of the available experimentally measured charge 
fractions for various ions has been made by Betz [1] and Wittker and Betz [2]. 
1.4 Importance of Chcirge State Identification 
Frequently spectral lines appear in the post foil spectrum that have not 
been previously classified and the first step in identifying these lines is to 
determine the charge of the emitting ion. Several different techniques have 
been developed for this purpose. The simplest method, although not nec-
essarily always reliable, is that used originally by Kay [3]. The excitation 
function (line intensity vs. incident beam energy) of a line is investigated 
and compared to the energy dependence of the production of various ioniza-
tion states under the assumption that changes in the line intensity with the 
beam energy are primarily due to changes in the production of the ion. This 
technique which has the advantage that no auxiliary equipment is necessary, 
seems to work quite well for singly excited states but, as may be expected, 
is less reliable for multiply excited states. 
Other methods of charge state identification involve the apphcation of 
external electric or magnetic field to the beam-foil source. If the lifetime 
of the excited state is sufficiently long, ions of different charge state in the 
source can be spatially separated by an external electric or magnetic field 
before de-excitation occurs. In this case ions of different charge states can 
be isolated and radiative transitions studied separately. Such technique was 
employed by Lennord et. al. [4]. If the de-excitation of the ions occur in the 
electric field being used for separation, a Doppler shift technique described 
by Carriveau and Bashkin [5] can be used. The deflecting field gives an ion 
a transverse velocity component, the magnitude of which is dependent upon 
the ionic charge of the emitter. As a consequence of this the spectral lines 
will exhibit a measurable Doppler shift. Coincidence techniques have also 
been used to identify the charge state of emitting-beam ions. For example. 
Coke [6] has described experiments involving coincidence counting between 
X-ray photons and scattered ions. 
1.5 Beam-Foil Interactions and Post-Foil X-ray Spectra 
Beam-foil interactions are statistical in nature, so, when ions collide with 
target atoms of Carbon foil several processes may occur which may change 
the charge state of the incident ion. These processes include 
i) Scattering of incident ions (Rutherford type), 
ii) Radiative and non-radiative electron capture by ions, 
iii) Stripping of incident ions. 
iv)Creation of singly and doubly excited states. 
Fig. 1.1 gives the schematic view of the basic collision induced ion-atom 
processes. The situation from the Fig. 1.1 seems to be too simple as only 
a few collision induced ion-atom processes are involved. However in actual 
the situation is very complex because of large velocity of incoming ions, com-
peting cross sections of various processes and high density of target material. 
Due to these factors it is almost impossible to give exact historical account 
of processes induced on the incident ion. The signatures of these processes 
which assign unique features to the beam-foil spectra have been discussed in 
the following sections of the chapter. 
1.5.1 Allowed Transitions 
Allowed radiative transitions are those which obey electric dipole (El) 
selection rule i.e. 
A L = ±1 A J =0,±1 AS=0 
However it is convenient to classify allowed transitions into two types which 
are in-shell (An = 0) and out-shell(An 7^  0) in context of beam-foil spec-
troscopy. The decay rates for the two types of allowed transitions scale quite 
differently with Z along an isoelectronic sequence due to the fact that tran-
sition rates of in-shell transitions scale linearly with Z while that of out-shell 
transitions are proportional to Z^. In case of highly charged ions it is easy 
to see that the states decaying primarily via out-shell transitions become too 
short Uved to be studied by time of flight technique, whereas states that can 
de-excite only via in-shell transitions remain amenable to beam-foil measure-
ments for higher Z due to the less-severe Z-scaling dependence. The data on 
wavelengths and transition probabilities on highly charged ions are of im-
mense importance from Astrophysical as well as theoretical point of view. 
Some of the related works include Wavelength tables of Moore [7]. 
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Fig. 1.1 Schematic diagram of basic collision induced ion-atom processes, 
which lead to the charge state of the incident ion. 
1.5.2 Forbidden Transitions 
A forbidden radiative transition is one which does not obey electric di-
pole selection rules (El). Forbidden radiative transitions can be classified as 
Electric quadrupole E2, Magnetic dipole Ml, Magnetic quadrupole M2, two 
photon electric dipole 2E1 etc. on the basis of set of selection rules obeyed 
by these transitions though less rigorous. The transition rates of all the for-
bidden processes are negligible in case of neutral and semi-neutral ions and 
are very difficult to measure. The transition rates of all forbidden processes 
strongly scale with degree of ionization i.e. Z, so forbidden processes in case 
of highly charged ions become appreciable and even dominate over competing 
El decays. Life time and wavelength measurements of forbidden transitions 
in case of highly charged ion are important from astrophysical point of view. 
1.5.3 Doubly Excited States 
One of the major contributions of BFS to the literature of spectral clas-
sification has been in the area of doubly excited states, i.e., states for which 
two electrons are excited above their ground state configuration. Such states 
are created much more strongly in foil excitations than in other light sources. 
Due to the fact that in case of conventional sources the time between exci-
tational collisions is typically longer than the relaxation time of the excited 
states. However, in case of beam-foil source the condition is just reverse. The 
incident ion may suffer many collisions in a time too short to allow an ex-
cited electron to relax, resulting in production of doubly excited states. Most 
of such doubly excited states ar« energetically capable of autoionizing since 
decay mode is intrinsically faster than the radiative one, radiative decay is 
observed only when autoionization channels are forbidden. Both allowed as 
well as forbidden radiative de-excitation processes have been reported in case 
of doubly excited states. For e:!«imple Bickel et. al. [8] and Bouchet et. al. 
[9] have investigated such transitions in case of Li I. Analogous transitions 
have been investigated by Hontzees et. al. [10], Berry et. al. [11], Buchet 
et. al. [12] in the other members of Lithium sequence. 
1.5.4 Hydrogenic or Rydberg State 
A post-foil beam is clearly visible to naked eye even in case of high beam 
energies when the emission is expected to fall in U.V. or X-ray region. The 
origin of emission in visible region can be traced to El transitions between 
singly excited Hydrogenic or Rydberg states. A Rydberg state is charac-
terized by a tightly bound, highly charged ion core and single electron in 
an orbit of large radius may be in several tens of Angstroms. The electron 
under these conditions is labeled by high n and / values. The transitions 
involving levels as high as n = 100 have been reported. The binding en-
ergy of Rydberg states can be determined by a simple hydrogenic expression 
with the polarization of the core by electron taken into account. Both dipole 
and quadrupole polarizabilities of the core have been reported by Edlen [13]. 
When the core polarization is small the position of spectral lines are prac-
tically independent of element and depend only on charge state of the core 
and the change in the quantum number n . 
Many of the unidentified features in early beam-foil spectra in the visible 
region have been subsequently understood in terms of transition between the 
hydrogenic states. Rydberg states are weakly bound in nature and from the-
oretical point of view, study of such weakly bound states are of much interest 
because of their similarity to the unbound states created in the scattering 
of the electrons from highly ionized systems which is a problem of consider-
able interest in astrophysics and thermonuclear fusion research. Besides the 
study of Rydberg state provides a testing ground for the basic fundamentals 
of Quantum Mechanics. 
1.5.5 Auger Emitting States 
Auger emitting states are those doubly excited states which de-excite via 
emission of a discrete energy electron, actually one electron drops back to a 
vacancy and other is ejected out from the system with kinetic energy equal 
to the energy balance between the initial doubly excited state and the final 
state of the residual ion. Just like radiative de-excitation processes, Auger 
emission process can also be classified into allowed and forbidden categories. 
The allowed Auger process is induced by electrostatic (coulomb) interaction 
between the electrons and is governed by a set of selection rules in manner 
similar to allowed radiative decay. Forbidden Auger emission process can 
occur even if the allowed process is prohibited, although the probability ( 
the selection rules on forbidden transitions are more relaxed) is low. The de-
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cay rates or probabilities for forbidden Auger transitions induced by weaker 
magnetic interactions between the electrons are much smaller for the allowed 
Auger processes but can become appreciable at higher Z due to the increase 
in strength of magnetic interactions. In case of light and near neutral sys-
tems fluorescence yield is small and the inner shell vacancy is most likely to 
be filled by Auger emission. Spectroscopic investigation of Auger emitting 
states are done by using electron spectroscopic and coincidence techniques 
to the beam foil source. However, all such measurements are extremely time 
consuming due to low yield and low energy of Auger electrons and also re-
quire highly complex experimental setup. 
1.6 Application of BFS 
1.6.1 Lifetime Measurement 
The single most useful application of Beam -foil method involves the study 
of time -dependent decay processes by time of flight technique that utilizes 
excellent time resolution produced by fast unidirectional beams. The tech-
nique also scales short decay times into small but measurable decay lengths. 
The hfetime of the particular state of an ion in the beam is measured by 
studying the decay in the intensity of a line associated with a transition out 
of a state ( the wave length of the line 'signatures' the decay of the particu-
lar state) as a function of the distance between the foil and the detector eye. 
Spatial co-ordinates are converted to temporal co-ordinates by using relation 
t = xjv 
11 
Where the beam velocity v is calculable from the beam energy. Thus the de-
crease in light intensity with distance from the foil for a spectrally resolved 
emission Une is a measure of the rate of relaxation of the excited levels, and 
directly leads to its mean life. In the absence of repopulation by cascading 
transitions from higher levels, the mean life is proportional to the negative 
inverse of the logarithmic derivative of decay curve of emitted light. This 
technique is indeed very versatile in nature. In principle it is applicable to 
any ionization stage of any element. The precision of individual beam-foil 
lifetime measurements varies somewhat depending upon the conditions per-
taining to the experiment i.e., presence or absence of comphcating cascades, 
strong or week lines. 
1.6.2 Access to Highly Charged Ions 
Various parameters of highly charged ions help us in understanding of 
the fundamental physics to greater depths. Highly charged ions allow us to 
produce class of atoms in which the basic physical parameters take extreme 
values. Large deviations from model predictions that occur at these extreme 
values give clues to the nature of the deficiencies in the models and allow 
us to improve them in fundamental ways. This sort of quantum mechanical 
'shake test' can be extremely important in the development of robust theories 
of atomic structure that can hold up to a high degree of confidence within 
limited realm of experience. Beam -foil technique has special significance 
from this point of view because all other spectroscopic techniques like Hanle 
effect [14] , electron impact [15] and ion impact delayed coincidence technique 
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[16] are in general restricted to the spectroscopy and lifetime measurement of 
neutral and near neutral atoms (with low degree of ionization) of an element. 
These techniques are not applicable to higher charge states due to lack of 
enough statistics to make lifetime and structural studies. However, beam 
foil spectroscopic technique in principle is applicable to any charge state of 
any element. The most abundant charge state known as mean charge state 
in the post foil beam for a particular specie depends upon the beam energy 
(beam velocity) which in tiurn depends upon the accelerating capability of 
the machine and is one of the limiting factor for any accelerator setup . With 
the development of heavy accelerators which can deliver beams at very high 
energy it has become feasible to produce very high charge states of various 
ion species. 
1.6.3 Solar Abundance Determinat ion 
Beam -foil spectroscopy has proved to be an important tool in under-
standing the solar atmosphere and other phenomena related with the at-
mosphere of the Sun, because of its potential to provide additional data on 
atomic parameters like hfetime, oscillator strength, energy level structure 
etc. on many of the abundant ions in the Sun. A typical application of 
data on highly charged ions is in relative abundance determination of vari-
ous elements from the analysis of the solar UV spectrum. This method was 
developed by Pottash[17]. Abundance determination is based on the inten-
sity analysis of the UV spectrum, which rely on accurate values of absorption 
oscillator strength of the allowed transitions in highly ionized atoms. Nearly 
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all oscillator strengths of HCI of Iron, Nickel, Silicon and Sulfur that are 
now being used in these abundance determinations are mostly theoretically 
calculated values due to lack of availability of experimentally measured val-
ues. Only Beam-foil spectroscopy has the capability to produce atomic data 
on highly charged ions. To apply this method , the absolute intensities of 
the spectral lines of highly ionized atoms emitted from the chromosphere and 
corona are measured above the absorbing atmosphere of the earth by sending 
rockets. 
1.6.4 P lasma Diagnostic 
Lifetime data on highly charged ions from laboratory also play an es-
sential role for diagnostic of optically thin astrophysical plasma. The basic 
principle behind all such diagnostic techniques is to observe the ratio of in-
tensity of spectral lines originating from widely spaced excited levels which 
are either a function of electron density or a function of electron tempera-
ture depending upon whether metastable states are involved or not in line 
ratio measurements. For electron temperature diagnostic spectral lines from 
Li-like isoelectronic sequences are most suitable because the energy levels in 
such sequences are widely separated, and no metastable levels are involved. 
Apart from the fact that the energy level structure of Li-like ions is fairly sim-
ple and other parameters like lifetime transition probability branching ratios 
are also well known from laboratory sources. However for electron density 
measurements Be-like isoelectronic sequences are taken into consideration, 
since their electronic structure involves number of metastable levels which is 
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an essential requirement for the line ratio to be a function of electron density. 
Such ratios have been successfully used to determine electron temperature 
and electron densities by Mum-o et. al. [18] and Jorden [19]. These diagnostic 
line ratio measurements are generally done by high resolution spectrometers 
carried by sending rockets above the absorbing atmosphere of earth. Such 
spectrometers are pre -calibrated for such line ratio measurements by using 
data from the laboratory sources. 
15 
Chapter II 
Experimental- Setup 
This chapter describes the experimental set-up and data acquisition sys-
tem. The present work has been carried out with 15 UD Pelletron accelerator 
at Nuclear Science Center (NSC), New Delhi for measuring the hfetime of 
highly charged ions. 
2.1 Accelerators 
An accelerator is a device which can be used for increasing the kinetic 
energy of charged particles. Particles are accelerated by application of very 
high electric field in the direction of motion, whereas the magnetic field is 
used to deflect them in the perpendicular direction to the extent of their 
charge content, thus achieving charge separation of the accelerated beam. 
Any accelerator of positive ion can be used for beam-foil spectroscopy. How-
ever most of the beam-foil spectroscopic work has been done by using Van 
de Graff type accelerators due to their capability of producing stable, high 
energy (MeV) ionic beams of heavy elements with very high degree of ioniza-
tion. This section gives a brief description of the 15UD Pelletran accelerator 
at Nuclear Science Center (NSC) which has been used to perform the exper-
imental work. 
The 15 UD pelletron accelerator is a versatile, heavy ion tandem Van de 
Graff type electrostatic accelerator supplied by Electrostatic International 
Incorporation (EII) USA. The model 15 UD Pelletron is a tandem electro-
static accelerator capable of accelerating any ion from Proton to Uranium 
up to energy of 200 MeV depending on the ion. In this machine, negative 
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ions are produced, pre-accelerated to about a few hundreds MeV, mass an-
alyzed, and are injected into the strong electric field inside the accelerator 
tank filled with SFe an insulator. At the center of the tank there is a ter-
minal shell which is maintained at a high voltage (up to 15 million volts). 
The negative ions traveling through the accelerating tubes from the top to 
the positive terminal get accelerated. On reaching the terminal, they pass 
through a stripper which strips these ions of their electrons, thus transform-
ing the negative ions into positive ions. Since the terminal is at high positive 
potential these positive ions are repelled away from it and thus are again 
accelerated to ground potential to the bottom of the tank. In this manner 
the same terminal potential is used twice to accelerate the ions hence the 
name tandem accelerator. On exiting from the tank, the ions are bent by 
an analyzing magnet in the horizontal plane. The switching magnet diverts 
the high energy ion beams into various beam lines in different experimental 
areas of the beam Hall. The entire machine is computer controlled and is 
operated from the control room. The schematic diagram of the pelletron at 
NSC is shown in Fig.2.1 
2.2 Experimental Arrangement 
This section gives a brief description of the experimental arrangement 
for Ufetime measurement of highly charged Titanium ions at various beam-
energies. 
17 
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Fig. 2.1 Schematic diagram of 15UD Pelletron at Nuclear Science Centre, 
New Delhi. 
2.2.1 General Purpose Atomic Physics Chamber 
Fig.2.2 shows a schematic diagram of the General Purpose Atomic Physics 
Chamber (GPAP) installed in 30 LIBR beam line at Nuclear Science Center, 
New Delhi. GPAP is stainless steel vessel with 10 Corn Flange (CF) ports to 
couple different accessories during the course of the experiment. The height 
of the chamber is 316 mm and its inner diameter is 356 mm . The chamber 
have following main features. 
(1) Housing facility for computer controlled movable foil mounted in the hor-
izontal rail that can be used for standard time of flight experiments. 
(2)Two ports at 90° to the beam axis so that two x-ray detectors can be si-
multaneously coupled with the chamber to observe that decay of the excited 
states in the post foil beams. 
(3) The chamber has an exit port for the beam which facilitates further study 
of the post-foil beam by using electrostatic analyzer and position sensitive 
detector for charge state analysis of the post-foil beam. 
(4) The base of the chamber has about 100 M6 tapped holes to mount dif-
ferent experimental accessories like rail track arrangement for lifetime mea-
surement, surface barrier detector holders etc. 
(5) The chamber has an option to bring manually a 3 cm diameter quartz in 
the beam line for the beam tuning. The quartz once in the beam line can be 
viewed through a 40 CF view port at 30° to the beam axis. 
(6) An option to study the interaction of beam with gas jet has also been 
incorporated in the chamber. 
(7) An arrangement to hold a matrix of stationery foils such that any of the 
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Fig. 2.3 Port map of GPAP. 
foil can be brought into beam line during on line study. 
(8) Chamber has number of ports which can be used for viewing the target 
position as well as the setup online by using a close circuit camera. 
Fig.2.3 Shows the port map of the GPAP 
• PI and P6 (150 CF) are the beam entry and beam exit ports respectively. 
• P2 is used (150 CF) for evacuation of the chamber. 
• P3 and P8 (150 and 100 CF respectively) can be used for X-ray detectors. 
• P4 (40 CF) is fed through port used for taking signals from the Particle 
Detectors as well as for providing inputs in the chamber 
• P5 is a small view port which is normally used for shining light in the 
chamber. 
• P7 and P9 (100 CF) are two multipurpose ports generally used as view 
ports. 
• PIO (40 CF) is used for viewing the quartz during beam tuning. 
2.2.2 Rail Track Arrangement for Time of Flight Experiments 
The rail track arrangement is placed horizontally at the required height 
by means of three stands fixed at the base plate of the chamber as shown 
in Fig.2.4. It is an aluminum piece ( 240mm x 60mm x 30mm ) having a 
tapering slot at certain angle and a rectangular slot at the bottom to guide 
the foilholder moving along the beam direction. The base of aluminum stand 
fits properly in the groove and move freely. The horizontal rail arrangement 
is fixed to the bottom of the chamber such that it is horizontal and parallel 
to the beam axis and it will remain in the plane of the incident beam in the 
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Fig. 2.4 (a) Side view of the multiple foil holder, (b) Horizontal rail 
travel. A Teflon piece was fixed on this aluminum stand to have electrical 
isolation. A hole having lOmm diameter was made at the suitable height so 
that the colhmated incident beam will pass through it. An aluminum base 
having 10 mm diameter hole was fixed in front of the Teflon piece so that 
the target holder can be fixed along the beam axis of the beam (as shown 
in the Fig.2.5). A viton 0-ring was also fixed between the Teflon piece and 
aluminum base of the foilholder so that the foil may be aligned with respect 
to beam axis. A carbon foil having thickness 60/xg/cm^, mounted on a foil 
holder was fixed to the base using a thin layer of adhesive. A Gold foil of 
thickness 134/^g/cm^ was mounted on the statinery target ladder for the nor-
malization purpose. 
For making fine horizontal movement, a motorized linear motion feedthrough 
(Model MFL-275-4 ) and a programmable motor logic controller ( Model 
MLC-1, programmable indexer/ driver) were procured from Huntington Lab-
oratories Inc., Mountain View, CA 941043. The hnear motion feed-through 
has the features: Linear travel 41 inch, Ext 0.58 inch. Ret 2.58 inch, L 14.06 
inch, backlash 0.002 inch, shaft pitch 0.125 inch and motorized accuracy 
25,000 niicrosteps revolution. The linear motion feed through was rigidly 
connected to the base of the first cabon foil holder. The distance travelled 
in a mocrostep was 0.127 //m. A Computer program (written at NSC) was 
used to control and read out its movement using a PC placed at a distance. 
2.2.3 Target-Foil Holder 
The upper lid of the chamber is fitted with a motor for the vertical move-
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Fig. 2.5 Schematic diagram of experimental Chamber (not to scale). 
ment. Another moter was installed on the lid to controU up and down 
moment of the target ladder connected to its shaft inside the chamber. 
Arrangements were made so that the target ladder in shaft exactly coin-
cides with the central axis of the chamber and to see that the shaft is capa-
ble of rotating about its own axis which helps in making alignment of foils 
with respect to beam axis. A Multiple Foil Holder made up of aluminum ( 
l7Qmm x 20mm x 10mm) was fixed to the shaft by means of a Teflon piece 
so as to provide electric isolation. A slots of 8mm width and 1 mm depth was 
made along the breadth of this aluminum piece at each foil position. When 
foil holder is fixed in front of this slot, as shown in Fig 2.5, it behaves like 
a slit for the emerging X-rays. A SS rod was fixed to its base which guides 
through a hole made in the horizontal rail arrangement that always keeps 
multiple foil holder aligned along the central axis of the chamber. Multiple 
foil holder gives the option of two-foil spectrscopy. In our case gold foil for 
the purpose of normalization was fixed at one position of the foil holder and 
rest of the positions were left blank. 
2.3 Detectors 
Two types of detectors were used during the experiment, a solid state de-
tector for X-ray detection and two identical Silicon Surface Barrier Detectors 
for beam monitoring. 
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2.3.1 X-ray Detector 
Due to high resolution, higher degree of reUability, better performance and 
longer life time, soUd sate X-ray detectors are preferred over conventional gas 
detectors for X-ray spectroscopy. Solid state detectors used in particular for 
X-ray spectroscopy are pure Germanium crystal detectors. Various types of 
such Germanium detectors include 
• The low Energy Germanium (LEGe) Detector. 
• The Ultra -LEGe Detector. 
• The Coaxial (Coax) Germanium Detector. 
• The Reverse Electrode (REGe) Detector. 
• The Extended Range (XtRa) Germanium Detector. 
In general all types of Germanium detectors are semi-conductor diodes hav-
ing a P — / — A^  structure in which the intrinsic (I) region is sensitive to 
ionizing radiation, particularly X-rays and gamma rays. Under reverse bias, 
an electric field extends across the intrinsic or depleted region. When photons 
interact with the material within the depleted volume of a detector, charge 
carries (holes and electrons) are produced and are swept by the electric field 
to the P and N electrodes. This charge, which is in proportion to the energy 
deposited in the detector by incoming photon, is converted into a voltage 
pulse by an integral charge-sensitive pre-amplifier. Because germanium has 
a relatively low band gap, these detectors must be cooled in order to reduce 
the thermal generation of charge carries (i.e. reverse leakage current) to an 
acceptable level. Otherwise, leakage current induced noise destroys the en-
ergy resolution of the detector. Liquid nitrogen, which has a temperature 
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of 77 K, is the common cooling medium for such detectors. The detector is 
mounted in vacuum Chamber which is attached to or inserted into a LN2 
dower. The sensitive detector surfaces are thus protected from moisture and 
other contaminants. 
In our experiment for hfetime and spectroscopy of highly charged Ti ions the 
LEGe detector from CANBERRA provided by CANBERRA industries Inc., 
800 Research Parkway, Meriden, CT 06450 USA, was used. This detector 
offers major advantages over conventional planar detector in many applica-
tions. The LEGe detector is fabricated with a thin born-implanted P-1- outer 
contact on the front face and on the cylindrical wall. The N- contact, a 
hthium diffused spot on the rear face, is of less than full area as shown in the 
Fig. 2.6. Thus the capacitance of the detector is less than that of a planar 
device of similar size. Since preamplifier noise is a function of the detector 
capacitance, the LEGe offers lower noise and consequently better resolution 
at low and moderate energies than any other detector geometry ( 160 eV at 
5.9 keV). Unlike grooved planar detectors, there is virtually no dead germa-
nium beyond the active region. This, and the fact that the side surface is 
charge collecting rather than insulating, results in fewer long-rise time pulses 
with improved count rate performance and peak to background ratio. The 
recommended operating bias voltage is 500 volt with negative bias polarity 
which was applied to the detector through an ORTEC power supply (model 
459). The detector is housed in a vacuum assembly within an entrance win-
dow typically made of beryllium. Such detectors with proper electronics can 
sustain count rates of Ik without appreciable resolution degradation or gain 
shift other advantages of such detectors over classical detectors include high 
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Fig. 2.6 Block diagram of the LEGe X-ray detector. 
sensitivity, better resolution, longer life, and small size which have made such 
detectors highly popular. 
2.3.2 Particle Detectors 
Two Sihcon Surface barrier detectors (SSBD) placed at 30° symmetrically 
to the beam axis were used for beam monitoring purpose. Silicon Surface 
barrier detector is a diode with a very thin evaporated gold (40/ig/m^) con-
tact on an etched n-type silicon wafer. The gold evaporated forms the front 
rectifying contact of the diode, and the rear ohmic contact is composed of 
(40 fig/cm?) of evaporated aluminum. When a reverse-bias voltage (i.e. with 
the positive polarity on the aluminum contact) is applied to the diode, an 
electric field E is created. As free charge carries are constantly swept out of 
the region of the detector where a field is present, this region is called the 
depletion region. The sensitive area is important because it affects both sen-
sitivity and energy resolution. When a low-intensity radiation source is used 
or when an accurate particle count is required (within the count-rate hmits 
of the system), a large area detector is desirable. However, since detector 
capacitance and junction noise is directly proportional to the area, smaller 
detectors give much better resolution. Selecting the right detector size re-
quires a compromise between sensitivity and resolution. Since the maocimum 
available energy of the ion was 143 MeV, a 5 mm thick detector was used to 
stop the high energy particles. The active area of the detector was 75 mm^ 
and the resolution of the detector was 30 keV at 5.9 MeV. Due the sensitiv-
ity of SSBD to light, the view ports of scattering chamber were covered by 
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aluminum foil. In SSBD, actually the thin entrance windows are optically 
transparent and particles striking the detector surface can reach the active 
volume. The energy of the visible light of 2-4 eV is greater than the band 
gap energy of most semiconductors, and electron-hole pairs therefore can 
be produced by interaction. A very high noise level is produced by normal 
room lighting but the vacuum enclosure required for most charged particles 
applications usually reduce light-induced noise to significant level. SSBD are 
also more sensitive to contamination and care must be taken to keep their 
surface clean. Touching the surface with a finger, of course, is to be avoided. 
If the detectors are used in a vacuum chamber, attention, must be paid to 
the possibility of oil from the vacuum pump being deposited on the surface. 
However disadvantage in application of such detectors require large auxiliary 
electronic data acquisition modules.The schematic diagram of the X-ray and 
particle detection systems along with the auxilary electronics have been given 
in the Fig.2.7 
2.4 Target Foils 
Target foils are unsupported thin foils of material that are used as ion-
ization excitation media. Almost all the target foils are made of amorphous 
Carbon. Foils can be made by other materials too like Be, B, Al, Cu and 
combinations of materials and Carbon. However pure Carbon is preferred 
due the fact that Carbon foils are simple to prepare easy to handle and have 
long life. An added advantage is the low nuclear charge of the Carbon due 
to which scattering of the beam from the foil is minimum. Foils made from 
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Beryllium has an advantage that scattering is lesser than Carbon foils. How-
ever, Beryllium foils are rarely utilized for beam foil spectroscopy due to the 
fact that foils are difficult to be prepared from Beryllium and there is always 
some risk of beryllium poisoning. Carbon Foils which are used for beam foil 
experiments are typically several hundred atomic layers thick. Foil thickness 
are most of the times quoted in terms of aerial densities in units of /ug/cm^. 
At low to intermediate energies, foils of thickness from 5 to 60 /xg/cm^ are 
usually sufficient to attain ionization and excitation equilibrium conditions. 
Carbon foils can be prepared in laboratory with a vacuum evaporator or 
now a days can be obtained commercially. Foil thickness, can be determined 
by the processes of elastic scattering or energy loss determination of Alpha 
particles or other ion incident upon Carbon foil. 
In most of the beam foil experiments on-line target replacement option 
is always kept so that in case of foil rapture during the experiment foil can 
be replaced without venting the vacuum in the target chamber. Generally 
number of target foils of same thickness are loaded on externally controlled 
wheel or on a target ladder so that any target can be brought in the beam 
line in case of foil breakdown during experiments. The exact cause of foil 
break down is not known but it is thought to be due to foil heating caused by 
beam foil interactions. The lifetime of a typical foil target depends upon the 
incident beam species, the beam intensity and beam energy. Foil breakage 
is rarely a problem at higher energies but can be a serious problem at low 
energy, when working with heavy elements. 
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Fig. 2.7 Avixilary electronic setup 
2.5 Target Thickness Measurement 
It is necessary to measure the thickness of the deposited film dynamically 
i.e. simultaneously with the deposition in order to stop the evaporation as 
soon as the desired thickness is reached. A quartz crystal monitor is used 
for this purpose. The thickness measurement is based on the change in reso-
nant frequency of the quartz crystal oscillator with mass loading. The target 
thickness as well as the rate of deposition could be read on the microproces-
sor (commercially available with the quartz monitor) based control unit. The 
crystal, housed in a water cooled box, is mounted at a height of 10-14 cm 
above the evaporating source dose to the target. Generally it is desired to 
have the crystal in the same plane as the substrate to increase the accuracy 
in the measured thickness. 
2.6 Vacuum 
Ultra high vacuum is one of the basic requirements for the accelerators 
and experiments based on the accelerators. The purpose of creating vacuum 
in such systems is to reduce the collision of accelerated ions with the residual 
gas molecules as the ions have to travel larger distance in the accelerators. 
The same applies for reaction products during the experiment that have to 
reach the detectors being used for their detection. 
In order to obtain ultra high vacuum, different types of vacuum pumps 
are used in accelerator and related experimental facilities. Sine no single 
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vacuum pump can operate over a wide range of pressure, generally a combi-
nation of different pumps such as turbomolecular pumps, cryo pumps, and 
ion pumps are used. 
2.7 Data Acquisition Set-up 
CAMAC ( Computer Automated Measurement and Control) based data 
acquisition system was used. Data was acquired from multiple A DCs (Ana-
logue to Digital Converter) from CANNBERA which were interfaced to the 
computer through CAMAC create and the spectrum was recorded by the 
software program FREEDOM, made at Nuclear Science Center(NSC). 
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Chapter III 
Simulation of 
Electrostatic Charge state 
Analyser 
In this chapter theoretical details and simulation of an electrostatic charge 
state electrostatic analyzer with one plate inclined and other straight have 
been presented. Such an analyzer may be used for studying charge state 
distribution of the post foil beam in beam-foil experiments with better reso-
lution in comparison with the conventional parallel plate analyzer. Such an 
analyzer may be reliable even at high beam energy with moderate bias and 
drift length. 
3.1 Electrostatic Charge State Analyzer 
When isotopically pure beam is made to pass through the carbon foil, 
in the post foil beam various charge states of the ion are populated due to 
statistical nature of beam foil interactions. This distribution of charge states 
in the post foil beam is strong function of the incident beam energy and 
mass of incident ion. Knowledge of charge state distribution in the post foil 
beam is useful in selecting the beam energy at which the yield of charge 
state of interest is maximum. Besides the magnetographs, a conventional 
technique frequently apphed for studying the charge state distribution in the 
post foil beam makes use of parallel plate electrostatic analyser (PPESA) 
down stream to target foil [20]. PPESA consists of two metallic plates which 
are held parallel to the beam axis. A high potential difference of the order 
of tens of kV is applied between the plates so that when the post foil beam 
ions pass through the gap, electrostatic force acts on the -|-ive ions which is 
directly proportional to the charge state of the ion (degree of ionization). As 
a result of this electrostatic force, ions of various charge states get spatially 
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dispersed. To measure relative charge state fractions of various charge states 
in the post foil beam a suitable position sensitive detector (genrally gas de-
tector) is kept at certain distance as shown in the Fig.3.1. This technique is 
widely used due to its simple design and fabrication. It is highly reliable in 
low energy region. However, a few disadvantages which may restrict the use 
of PPESA are following 
(i)If the beam velocity is quite high, the degree of spatial deflection of the 
variouis charge states of the post foil beam is low. This results in poor spa-
tial resolution of the charge states at moderate potential difference especially 
when a gas ionization detector is used. 
(ii) Resolution in principle can be improved by increasing drift space after 
PPESA. However, doing so results in increase in the volume to be evacuated, 
which may further increase the uncertainties in the results due to scattering 
of ions by residual gas particles. 
(iii)Application of higher plate potential seems another remedy to tackle 
the poor resolution problem, however, higher plate potential poses discharge 
problem after a certain hmit in vacuum, [e.g., about 100 kV/cm at 10~'' Torr 
for stainless steel [21]]. 
(iv) By using longer plates resolution can also be improved but longer plates 
increase chances of higher charge states hitting the plates of analyzer, thus 
limiting access to only a few charge states. The collection of higher charge 
states at plates may also result in decrease and distortion of the electric field 
besides contaminating the plates . However use of longer plates is preferred 
over higher plate voltages because deflection varies quadratically with plate 
length and linearly with plate voltage. 
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Fig. 3.1 Schematic diagram of the experimental setup for DTS along with 
charge state analysis setup. 
A handy remedy to the above problem is to make use of an IncUned and 
Straight Plate Electrostatic Analyzer (ISESA). Though the basic principle 
of deflection is the same but instead of two parallel plates only one plate is 
held parallel and the other is kept inchned at a certain angle relative to beam 
axis. Therefore ISESA is asymmetric about the beam axis. It is essential to 
apply the voltage to the plates in such a manner that the deflection must take 
place towards the inclined plate. Small gap between the plates at the entry 
causes large deflection. As the ions travel forward, the gap also increases 
gradually letting the ions escape of the plate without hitting. This inclina-
tion of one deflecting plate brings dramatic result in the overall deflection, 
resolution and the number of charge states escaping out without hitting the 
plate. Such an analyzer favours longer plate and lower plate voltage which 
is beneficial from the practical point of view. 
3.2 Theoretical Description 
In case of PPESA total trajectories can be calculated using the equa-
tion y = {qV/4iWod)x'^ and the deflection angle of the ion is given by ^ = 
tan~^{2y/x), where V is the applied voltage, WQ is kinetic energy, d is gap 
between the plates, and x is the plate length. However ISESA is asymmetric 
so the potential is a function of polar angle. Therefore the trajectories cannot 
be obtained analytically to calculate the angle of deflection. Before treating 
ISESA, we present the case of Inclined Plate Electrostatic Analyzer(IPESA) 
where, both the plates are symmetrically inclined about the beam axis as 
shown in Fig.3.2. In this case we have obtained the deflection angle experi-
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Fig. 3.2 Electrostatic charge state analyzer having the plates (AB,CD) in-
clined at angle do with respect to beam direction. R is the OA, / the plate 
length, -l-V and -V are the potentials apphed to plates. P(p, ^) is a represen-
tative point on the ion trajectory and (j) is the exit angle of the ion leaving 
the field region 
enced by an ion by solving equations of motion with appropriate boundary 
conditions. 
From Fig.3.2, it is clear that the potential in the gap between the plates is a 
function of the polar angle 6, and can be expressed as 
y{o)--y{^) {R<p<R+i). 
The components of electric field in 0 direction can be written as 
Eg{p) = 0, {p<R,p>R + l) 
= — , {R<p<R+l) 
pOo 
and that in the radial direction 
Ep{0) = V{^)[S{p--R)-S{p-R+l)], {R<p<R + l). 
The following boundry conditions may be considerd 
at p = R — e, Po = R, Oo = 0, po = Vo, 6o = ^ and Wo = ^mvl 
at p = R — e, Pi = R, 6i = 0, pi = Vo, 6i = 0 and W = Wo 
Where indices o and i correspond outside and inside field regions respectively, 
Vo is the velocity of incoming ion outside the field region, and m is the mass 
of the ion. As e ^ 0 for the region R < p < R+l, we can write the equation 
of motion of the charge particles in the polar coordinates [22] as under 
m{p - pO^) ^qEp = Q (1) 
m{pe + 2p0) =qEe = ^ (2) 
POo 
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The kinetic energy of ion can be expressed as 
W = imt;2 = im(p2 + p^"") = W^ + qV{l) (3) 
where v is the velocity of the particle in the field region. Rearranging and 
then integrating equation (2) with respect to t we obtain 
pm9o 
Where t is time taken by the ion to cross the electric field. Using equation 
(3), t can be expressed as 
t = ( ^ )V^ r ^ (4) 
where s is the total path travelled by the ion in the field region. The unit 
velocity vector at the exit is given by 
e„ = {p/v, pe/v) = {ar, ae) = {^/{l - aj), a^) 
Where 
ae = (l/2p) • {qV/Woeo){l/V{l + g ^ ^ / W A ) • ['ds/^{l + {qVe)/{Wo9o)) (5) 
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IPESA could be used for dispersing both positive and negative ions simul-
taneously. Further, the positive ions could be deflected towards either plate 
by applying right polarities in case of making beam lines for low energy ions. 
However in case of beam foil or beam-gas interaction only the positively 
charge states are populated so one can use an analyser having only one plate 
inclined and other straight with respect to beam axis. By making reflection 
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symmetry of ISESA about the straight plate and shifting the beam axis along 
straight plate one can convert an ISESA to IPESA as shown in Fig.3.3. IS-
ESA results may be obtained from IPESA simulation by putting R —> 2R 
and 6 —> 26 (Fig.3.3). The above expression for ag can be used to calculate 
the deflection angle of the charge particle numerically at the exit point as 
a function of beam energy, applied voltage, charge state, plate length, and Oo-
3.3 Discussion on Simulated Results 
3.3.1 Deflection vs. Charge State 
The spatial dispersion and exit angles of the various charge states in IS-
ESA, IPESA, EISESA and EIPESA have been tabulated in table I and table 
II respectively. EISESA and EIPESA stand for Parallel plate electrostatic 
charge state analyzers parametrically equivalent to ISESA and IPESA respec-
tively. Separation between the plates in the case of EISESA and EISPESA 
are equal to the average separation between the plates of IPESA and IPESA 
respectively. It is obvious from the data that dispersion in both IS E AS A and 
IPESA for charge states 15-30 is better than the parallel plate equivalents. 
Further if we make a comparison between ISESA and IPESA, it is clear that 
ISESA is far better than IPESA in terms of spatial dispersion. This is due 
to the gradient of the electric field being small in case of ISESA because of 
straight plate. However as the deflection takes place towards the inclined 
plate, chances of hitting the plate under moderate conditions are negligible. 
This picture of the dispersion vs. charge states is obvious from Fig.3.4. 
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Fig. 3.3 Inclined plate AB and straight one CD constitute ISESA. In this 
case the incUned plate subtends an angle OQ with the beam axis, R the dis-
tance between O and A and / the plate length. A mirror reflection about 
the straight plate CD is drawn to make the geometry symmetric as IPESA. 
Beam axis shifts along CD and the incUned plate and its mirror meet the 
beam axis (CD) at O'. O'A or O'A' are now of length 2R. 
Table I. Spatial dispersion of various charge states at the exit point (at zero 
drift length) for different geometry. 
Charge State 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
ISESA 
15.501 
16.522 
17.541 
18.556 
10.570 
20.580 
21.588 
22.592 
23.594 
24.592 
25.586 
26.577 
27.606 
•.•S.591 
•.'').571 
30.548 
IPSESA 
9.267 
9.881 
10.494 
11.107 
11.718 
12.329 
12.938 
13.547 
14.154 
14.761 
15.366 
15.970 
16.573 
17.175 
17.776 
18.375 
Deflect 
EISESA 
11.725 
12.506 
13.288 
14.070 
14.851 
15.633 
16.415 
17.196 
17.978 
18.760 
19.541 
20.323 
21.105 
21.886 
22.668 
23.450 
ion (mm) 
EIPESA 
7.757 
8.274 
8.791 
9.308 
9.826 
10.343 
10.860 
11.377 
11.894 
12.411 
12.929 
13.446 
13.963 
14.480 
14.997 
15.514 
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Table II. Exit angle for diiierent charge states at for different geometry. 
Charge State 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
ISESA 
0.077 
U.082 
0.087 
\092 
fi.097 
't.102 
n.l07 
''.112 
' .117 
'1.122 
0.127 
(1.132 
> .137 
.141 
. .146 
.151 
IPSESA 
0.046 
0.049 
0.052 
0.055 
0.058 
0.061 
0.064 
0.067 
0.070 
0.073 
0.076 
0.079 
0.082 
0.085 
0.088 
0.091 
Deflection Angle 
EISESA 
0.058 
0.062 
0.066 
0.070 
0.074 
0.078 
0.081 
0.085 
0.089 
0.093 
0.097 
0.101 
0.105 
0.109 
0.112 
0.116 
EIPESA 
0.038 
0.041 
0.043 
. 0.046 
0.049 
0.051 
0.054 
0.056 
0.059 
0.061 
0.064 
0.067 
0.069 
0.072 
0.074 
0.077 
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3.3.2 Resolution 
Fig.3.4 shows average resolution in the spatial dispersion of charge states 
15-30 for all the four tyjies of analyzers at a drift length of 1.5 meters at 
various beam energies from 50 MeV to 500MeV. From Fig.3.4 it is obvious 
that ISESA gives better resolution in the spatial dispersion of charge states 
over a wide range of beam energy. This feature of ISESA leads to reduction 
of drift space, and voltage applied which is highly beneficial from practical 
as well as from economical point of view. 
3.3.3 Plate Hitting in ISESA and EISESA 
The bar chart given in Fig.3.5 shows that even at moderate voltage most 
of the charge states hit the plate in case of the parallel plate analyzer while a 
large number of charge states can be detected in case of ISESA. Thus ISESA 
favors larger plate length for a larger number of charge states. Further it 
eliminates the needs for higher plate voltages at high beam velocity. 
3.4 Conclusion* 
ISESA is asymmetric about the beam axis and the potential between the 
plates is a function of p('lar angle 9. Ion trajectories cannot be calculated 
analytically. Mirror image of it converts to IPESA which could be solved 
numerically to find experimentally relevant parameters like deflection, reso-
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Fig. 3.5 Plot featuring the variation in average resolution vs. plate length 
in various geometry. As the spatial resolution varies slightly with charge 
states in case of inclined geometry so we have taken arithmetic average of 
the resolution of charge states from 15-30 rather than taking resolution of a 
particular charge state in to consideration. 
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Fig. 3.6 Bar Chart featuring charge state hitting problem in case of ISESA 
and EISESA. Here, the charge states along the Y-axis are ones that come 
out without hitting the plate 
lution, , exit angle etc. Further ISESA can be used for higher beam energies 
also. It is found to be better than other geometry (IPESA, PPESA) from 
practical as well as economical point of view. The minimization of fringing 
field for ISESA is not different from parallel plate condition as \^1 + 1^ 2 = 0 
is satisfied [23]. VI and V2 are potential apphed to the plates. Further 
simulations using a Standard Ion Optics Simulation program SIMION 7.0 
[24]. The simulation shows that the effect of fringing fields was similar to the 
case for parallel plate condition. Nevertheless, fringing field does not affect 
much in charge state analysis unlike mass spectrometers used for nuclear 
physics experiments. Tlicrefore an ISESA has been fabricated at Nuclear 
Science Center on the basis of the above simulations for charge state analysis 
required for atomic physics experiments involving highly charged ions at our 
center without any fringing field shunt. 
38 
Chapter IV 
Lifetime Measurement 
of 
Highly Charged Ti 
using 
Single Foil Spectroscop; 
The experimental details and the lifetime extraction of He and Li-like Ti 
has been discussed in detail. The chapter also gives brief view of the two-foil 
technique which can be used to enhance the rehability and applicability of 
the technique. At the end the importance as well as the application of the 
experimental data on highly charged ions have been discussed at some length. 
4.1 Theoretical Background 
Fig.4.1 shows the partial energy level scheme of He-like and Li-like '^ '^ Ti 
with theoretical lifetimes and decay modes of the various levels. Li-like state 
Is2s2p ^P5/2 is linked to Li-like ground state through M2 radiative chan-
nel with a transition energy 4.687 keV [25] in the vicinity of 4.78 keV line. 
A substantial decay throiigh an autionizing channel (66%) is also possible. 
As far as He-like states are concerned He-like level ls2p ^P^ deca>" through 
magnetic quaderpole (M2) transition to ground state Is^ 5^*0 via emission of 
4.734 keV X-ray line. The l52s ^So level decays through two photon process 
whereas the ls2p ^PQ decay to ls2s •^Si level through an E l transition in 
the VUV region. The ls2p ^P" and Ls2p ^P° level lifetimes are of order of 
femtosecond. As a result of. the only He-like level except ls2p ^P°. that ma\-
contribute to the 4.78 keV line is ls2s '^Si with a lifetime of 26.6 ns [26], 
Three levels of Li and He-like ^^Ti (Is2s27> ^P°j^, ls2p ^P°, and ls2,s ^Sy) 
contributing to to 4.78 keV line lie within 50 eV and cannot be resoh'ecl 
by the X-ray detector that was used in our experiment. Thus in principl(> 
contribution due to all the three lines to X-ray peak observed at 4.78 ke \ ' 
Fig.4.2 must be taken in to consideration for the analvsis. At hioh beam 
39 
(205ps) Is2s2p^^^ 
en 
00 
M Ionization threshold V|; 
2 P, 
Li-like Titanium 
tonization threshold 
(4.1fs) 
(422ps) 
(681ps) 
(94fs) 
(3.4ns) 
(26.6ns) 
2 \ 
2\ 
2¥„ 
2^S, 
1 
He-like Titanium 
Fig. 4.1 Partial energy level structure of Li and He-Like Ti. 
Table I Theoretical lifetimes for the unresolved lines that may contribute to 
the 4.78 keV peak. Transition energies have been taken from official website 
of NIST http //www.physics.nist.gov./cgi-bin/AtData/. 
Ion 
Tii9+ 
Xi20+ 
Xi20+ 
Ti2i+ 
Line 
15^25 '^Sy2-ls2s2p ^P°/2 
ls2 ^So-ls2p ^P^ 
ls2 ^So-ls2s ^Si 
Is ^Si/2-ls2s ^Si/2 
Energ>'(keV) 
4.687 
4.734 
4.702 
4.996 
Lifetime 
205ps[25] 
422p,s[26] 
26.6ns[25] 
1.014ns[27] 
energy since the H-like charge state fraction cannot be neglected so in prin-
ciple contribution by H-like 2s S1/2 ^^"^'^^ (lifetime 1.014 ns [27]) has also to 
be taken in account. 
4.2 Experimental Details 
The "^ T^i beam used in this experiment was obtained from the 15 MV Pel-
letron accelerator at N\iclear Science Center, New Delhi. A coUimatod beam 
of Ti, 3 mm in diameter was excited by passage through a 60 //g/cnr. The 
experiment was performed at energies 90. 130 and 154 MeV. The spectrum 
calibrated using a standard •^ '^ A^m source, exhibits a prominent peak at 4,78 
Kev as shown in Fig,4,2, This peak consists of a blend of transition from 
He-like ls2p ^Fs^and ls2s ^5i levels and a Li-like Is2s2;> '^P^/^ ^^^'^^ (Table 1). 
This blending is not expected to be resolved by the solid state X-ray detector 
tised in the experiment. The intensity normalization was done by the signal 
obtained from the two particle detectors held symmetrically at 30" to the 
40 
200 
1 5 0 -
I 100 
50 
4.78 keV 
500 1000 1500 
Channel no. 
Fig. 4.2 X-ray line at 4.78 keV. 
beam axis. X-ray intensity at different detector-foil separations was recorded 
by moving the foil nsing computer controlled feedthorough arrangement dis-
cussed in chapter II. 
4.3 Codes Used for Data Analysis 
4.3.1 Determination of Charge State Fraction 
The experimental knowledge of charge state fractions is useful for plan-
ning beam-foil experiments as they provide the indication as to type of ions 
that are present in the post-foil beam. In the energy range of our interest 
i.e. 2-5MeV/A no experimental values of charge state fraction at equilib-
rium exist for Ti in the literature so we have to suffice with the predictions 
of the semiemperical model ETACH. We have seen that results of experi-
ments performed at GANIL with 10 MeV/A ions [28] agree with equilibrium 
as well as-non equilibrium predictions of theoretical charge state predictions 
obtained with the code ETACHA. Berry et. al. [29] used low energv 1.6 to 
2.5 MeV/A CI beam to observe He-like and Li-like charge state fractions. 
The observations has been foimd to be consistent with the ETACHA predic-
tions as shown in Table II, which strengthens our confidence in the \-alidit\-
of charge state predictions in the energy range of our interest presented in 
the Table III. Energy losses of the ions in the foil have been taken in to the 
account by Tising another code SRIM[30]. 
Table II Theoretical charge state fractions for a ^^ Cl^ "^  beam at 5G .Me\' 
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and ffCl^"^ beam at 88 MeV emerging from a 20//g/cm^ Carbon foil from 
Etacha [28] used by Berry et al. in the experiment. 
Ion 
?fci«+ 
Energy 
56MeV 
88MeV 
F l l 
1.85 
0.76 
F12 
8.49 
4.38 
F13 
24.41 
16.16 
F14 
38.83 
35.33 
F15 
22.7 
35.94 
F16 
3.28 
9.93 
F17 
0.14 
0.37 
Table III Charge state fractions of Titanium beam at different energies emerg-
ing from the (60 //g/cm^) carbon foil as obtained from the code, ETACHA[28]. 
Energy (MeV) 
90 
130 
145 
Charge State Fraction (%) 
H-like 
0.2077 
1.872 
3.21 
He-like 
5.57 
19.80 
26.48 
Li-like 
18.82 
34.31 
36.55 
Be-like 
28.60 
27.06 
22.95 
Etacha model is based on the independent electron approximation and takes 
in to account electron gain and electron loss exclusively from and to all the 
subshells. Etacha could be used to for prediction of population of various 
charge states in the post foil beam at equilibrium and non-ec[uilibruim foil 
thickness. The main feature of this model is that it at tempts to take \'arious 
excited state effects in to account which play important role in determining 
the charge state of an ion in post foil beam. In earlier models the charge state 
fractions in the post foil beam were associated with specific charge state, in 
other words, charge changing cross sections have been assumed to be inde-
pendent of the electronic configuration of the of the ion. However, it was later 
on realized that consideration of excited states effects is essential for niorc^ 
accurate predictions especially in case of solid targets. A typical example oi 
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the excited state effect is increase in the degree of ionization with increase 
in the principle quantum number n which results in higher effective electron 
loss cross section in excited ions compared to ground state ones of the same 
ionic charge. Thus for appropriate results one has to correlate electron ex-
change cross sections with the configuration, where the number of electron 
in each substates are taken in to accoimt. Howe\-er from practical point of 
view this introduces a problem that since infinite number of electronic states 
are possible so one has to take almost infinite configurations into picture. 
However the situation can be simplified on the basis of well known fact that 
as n increases the electron loss cross section increases, electron capture cross 
section decreases and vice-versa. Therefore one can choose a certain limiting 
vahie of principle quantimi number n above which all the electronic sates can 
be considered empty or the population in those states can be considered to 
be too small to effect the distribution profile. 
In this model the limiting value of n has been chosen to be equal to .3 so this 
model is limited to ions with up to 28 electrons which can be thought to be 
distributed over the Is, 2s, 2p, 3s, 3p ,3d subshells. 
4.3.2 D a t a Analys is and Lifetime Extract ion 
Freedom an NSC made program was used for recording the experimental 
data at first hand. The lifetime was extracted from the normalized intensity 
of X-ray peak at 4.78 keV as a function of detector foil distance by using 
indigenously developed Fortran code CILO. The code has the capability to 
fit and extract hfetime up to a three exponent data. Besides not only fitting 
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the data it also provides the x^ testing option to test the goodness of the fit. 
The program proceeds in following manner 
* Inputs: The program requires following inputs which are to be fed man-
ually 
(i) The name of the input and output data-file . 
(ii) The number of points to be fitted in the data file, 
(iii) The fitting equation for the data. 
(iv) Rough values of intensity as well as lifetime parameters for each expo-
nential component in the fitting equation. The parameters are obtained from 
semilogarithmic plot manually. The program starts the iteration taking these 
values as basic inputs. 
(V) The post-foil beam velocity for lifetime determination. 
* Non-l inear curve fitting and x^ t e s t : This part program perform 
least-square fitting to the data according to the function provided in the in-
put which is not linear in its parameters. The x^ '^^ ^^  i^  also performed to 
test the goodness of the fit. 
* Lifetime calculation : This prgoram takes the beam velocity as input 
and perform calculation for the lifetime of the various exponential compo-
nents in the fitting function. 
The program has been tested successfuU on synthetic data and has been 
found to give results with 0.1% accuracy. Tough the program is applicable 
only up to three component fit however as far area of highly charged ions is 
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concerned, since energy levels are widly spaced and cascading is also negli-
gible, the program is sufficient to meet all the requirements. However only 
disadvantage with the program is that it has to be provided the fitting fniic-
tion as well number of iterating parameters manually within the program 
which means that one has to edit the program every time when fimction 
needs to be changed. In order to confirm the results, fitting and lifetime 
extraction have been done also done by using XMGRACE program and con-
sistant results were obtained. 
4.4 Result and discussion 
The spectrum calibrated using a standard •^ ''•^ Am radiation source exhibit.s 
a prominent spectral line at 4.78 keV, shown in Fig.4.2. The intensity of this 
peak was measured as a function of the detector to foil distance at three beam 
energies (90, 130 and 145 MeV) and normahzed count rates plotted vs. dis-
tance are shown in the Fig.4.3. The intensity curves in the semi-logarithmic 
plot at first hand show a degree of departure from a single exponential law at 
higher beam energy. This is an indication that more than one levels having 
difTerent lifetimes are contributing to the 4.78 keV line. When the curves at 
different energies were fitted with single exponential the lifetimes obtained 
were 209±5, 386±11, and 442±13 at three beam energies 90. 130 and 145 
MeV respectively. (Table IV). 
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Table IV. Lifetime obtained from single-exponent fits to the 4.78 keV '^^ Ti 
single foil data at various energies. 
Incident 
Ion Beam 
Ti«+ 
Xiio+ 
TJ1I+ 
Energy 
(MeV) 
90 
130 
145 
Lifetime(ps) 
209±5 
386±11 
442±13 
Fitting was done by using fitting function 
/(.r) = loexp^-r/V x .r) + I2 
Where 
lo • The X-ray intensity at zero distance, 
r : The effective lifetime obtained. 
V : Velocity of the beam. 
X : Detector-foil separation. 
I2 : Background intensity. 
The variation in the observed lifetime with the beam energy is attributed to 
the difference in the relative intensities and lifetimes of the lines that con-
tribute to the peak (Table I). 
4.5 Conclusion 
We have measured lifetime of 4.78 keV X-ray line at various beam on-
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Fig. 4.3 Decay of 4.78 kev line at various beam energies. 
ergies. It is interesting to note that the single-exponent fit to the 90 MeV 
data yields a lifetime (209±5 ps) which is very close to the theoretical pre-
dictions [31] for the state Is2s2p '^P^^^. This suggest that contribution to 
the peak from the H-like and He-like hnes are neghgible. The apparent life-
time at beam energy 130 MeV (386±11 ps) lies in between the lifetime of 
Is2s2p "^P^/^ (theoretical value 212ps ) and that of ls2?; ^P^ (theoretical 
hfetime 422ps). The resuh at 145 MeV beam energy (442±13ps) is slightly 
higher than the theoretical value of ls2p ^Fs which suggests that the contri-
bution from the H-like charge state can no more be neglected. 
4.6 Achievements and Future Prospect 
It has been observed that beam-foil time of flight technique being the 
most widely used technique for lifetime measurement of highly charged ions 
suffers from blending problems due to population of neighboring charged 
states. Since the beam-foil interactions are statistical in nature so populat-
ing a selected charge state is not possible. In principle blending problem can 
be tackled by using detectors having very high resolution but as far resolu-
tion of solid state crystal detectors is concerned no X-ray detector is a\ailable 
which can overcome this problem. A handy remedy to this problem is us(> 
of two-foil technique along with single foil standard beam-foil technique. In 
this technique the beam is made to pass through another stationery foil gen-
erally thin foil (4-16 //.g/cm^) and the intensity of the X-ray emitted by the 
de-excitation of post foil beam is measured as function of relative separation 
between the thin (stationery) foil and thick foil (moveable foil). Passage of 
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the emergent excited states from the first foil through the second foil results 
in further excitation and de-excitaion of the various excited states. The in-
teraction of the excited states with the second thin foil may disentangle the 
contribution of the neighboring excited states. However analysis of the data 
obtained from the two-foil experiment is not straight forward. To analyze 
the data the extracted effective lifetime values obtained from the standard 
single foil experiment are required as the basic input for the analysis. 
Recently Nandi et. al. have shown that use of standard beam-foil spectro-
scopic technique coupled with two-foil technique [32] enables the resolution 
of blending problem in lifetime measurement in He-hke vanadium [33]. These 
measurements have not only resolved satellite blending arising from the M2 
Is^ ^So-ls2p ^Pj line but have also led to the measurement of the lifetime 
of the partially autoionising level Is2s2p '^P^M in Li-like Vanadium. It was 
subsequently shown by the group at NSC that the contriliution of the H-like 
Ml line may also be corrected within the beam-two-foil approach as shown 
in the study of the ls2p •^ Pg" ^^^^^ lifetime in He-like Nickel [34]. 
The basic motivation behind this approach is to combine the single foil and 
double-foil measurements and apply iterative multi-component exponential 
growth and decay analysis to distangle the contributions from transitions 
which cannot be spectrally resolved and are excited due to population of the 
charge states neighboring to the charge state of interest. This technique has 
the potential to substantiate further results on yet-unstudied SA s^tems or s '^s-
tems for which published results are in question. However one disad\-antage 
is that the applicabihty of the technique depends upon the relative lifetimes 
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of the levels in question. 
So far we have discussed only the analytic ways of resolving blending 
problem. To resolve all transitions experimentally one needs to have reso-
lution of order of 4-10 eV. Achievement of such high resolution is possible 
by using Doppler Tuned Spectrometer (DTS). Main advantage of this tech-
nique is that the resolution obtained is independent of inherent resolution 
of the detector used. In principle the resolution of the DTS must be equal 
to the thickness of the atomic energy level which is of the order of fraction 
of eV. Development of such detector is currently going at NSC and author 
is contributing as a collabrator in the group. The project would also in-
clude development of charge state analyzing facility which can be used to 
practically map the various charge state fractions in the post- foil beam. A 
charge state analyzer with 1.25 meter long drift chamber with options to 
couple a turbo pump as well as a LN2 trap has been fabricated. Fabrication 
of position sensitive gas detector is also in progress. Once this facility is 
completed one can make study of X-ray spectrum of various highh' charged 
ions in coincidence with the emitting particle being detected by the post ion 
sensitive detector (Fig.3.1). The simulation of the electrostatic analyzer with 
some fabrication aspects has been presented in chapter III of the dissertation. 
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Codes 
PROGRAM CLIO 
C LEAST SQUARES FIT TO AN ARBITRARY FUNCTION 
C GIVEN BY FUNCTN 
C 
C USED SUBROUTINES: 
C CURFIT,FDERIV,FCHISQR,MATINV,FUNCTN,MAP 
C 
C 
DIMENSION X(300),Y(300),SIGMAY(300),A(10),AF(10), 
1 DELTAA(IO) ,SIGMAA(10) ,YFIT(300) ,SIGM(10) 
COMMON X,Y,SIGMAY,YFIT,A,AF,DELTAA,SIGMAA,SIGM 
CHARACTER FN1*20 
CHARACTER FN2*20 
CCC 
CCC 
10 PRINT *, ' CLIO' 
PRINT *, '1. INPUT 2. FIT 3.OUTPUT 4.EXIT' 
14 READ *, L 
L=L+1 
GOTO (10,100,200,300,400),L 
CCC 
CCC INPUT 
CCC 
100 CALL MAP(NPAR,0) 
PRINT *,'DATA FILE-NAME=?' 
READ *,FNl 
OPENd, FILE=FN1) 
CCC READ *,NPTS 
CCC PRINT *,'TYPE X-VALUES' 
CCC READ *,(X(I),1=1,NPTS) 
REWIND 1 
READd,*) NPTS 
4 0 FORMAT(8x, 13) 
DO 42,1=1,NPTS 
READd,*) X(I) ,Y(I) ,SIGMAY(I) 
44 format(8x, 13) 
42 CONTINUE 
CCC PRINT *,'TYPE Y-VALUES' 
CCC READ *,(Y(I),1=1,NPTS) 
CCC PRINT *,'TYPE SIGMAY-VALUES' 
CCC READ *,(SIGMAY(I),1=1,NPTS) 
M0DE=1 
PRINT *, 'START PARAMETER= ?' 
CC NPAR=NUMBER OF PARAMETERS. 
DO 17 0 J=1,NPAR 
PRINT 168,J 
168 FORMAT!IX, 'P(',12, ')=?') 
170 READ *, AF{J) 
Page 1 
172 
175 
CCC 
CCC 
CCC 
200 
201 
202 
DO 175 J=1,NPAR 
PRINT 172,J 
FORMAT(IX, •DELTA(' ,12, ' 
READ *, DELTAA(J) 
CLOSE(1,STATUS='KEEP') 
GO TO 10 
PERFORM FIT 
N=0 
PRINT *,NPTS,NPAR 
DO 202 I=1,NPAR 
IF(DELTAA(I).EQ.O) GO I 
K=I-N 
A(K) =AF(I) 
GO TO 202 
N=N + 1 
CONTINUE 
= 9 ' 
TO 201 
NTERMS=NPAR-N 
FLAMDA=0.001 
CHISAV=0.0 
ITER=0 
204 CALL CURFIT(X,Y,SIGMAY,NPTS,NTERMS,NPAR,MODE, 
1 A,AF,DELTAA,SIGMAA,FLAMDA,YFIT,CHISQR, 
1 NFREE) 
IF(CHISAV-CHISQR) 206,205,205 
205 IF(CHISAV.LE.1.001*CHISQR) GO TO 210 
206 PRINT*,CHISQR 
CHISAV=CHISQR 
ITER=ITER+1 
IF(ITER.EQ.15) GO TO 210 
GO TO 204 
210 DO 211 I=1,NPAR 
211 SIGM(I) =0.0 
N=0 
DO 213 I=1,NPAR 
IF(DELTAA(I).EQ.O) GO TO 212 
K=I-N 
AF(I) =A(K) 
SIGM(I) =SIGMAA(K) 
GO TO 213 
212 N=N+1 
213 CONTINUE 
GO TO 10 
CCC 
CCC OUTPUT 
CCC 
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300 PRINT *,'OUTPUT FILE-NAME=?' 
READ *, FN2 
OPEN(2,FILE=FN2) 
WRITE(*,*)'WHAT IS THE POST FOIL VELOCITY?' 
READ(*,*) VEL 
C VEL=.827E9 
AVLT1 = 1/(VEL*AF(2) ) 
ERAVLT1=SQRT((SIGM(2)/AF(2))**2+4E-4)*AVLT1 
CO TRPRB1=TRASITI0N PROBABLITY OF THE LEVEL NO.l. 
TRPRB1= 1/AVLTl 
ERTRP1= ERAVLT1*TRPRB1*TRPRB1 
AVLT2=1/(VEL*AF(4)) 
ERAVLT2=SQRT( (SIGM(4)/AF(4) )**2 + 4E-4)*AVLT2 
CC TRPRB2=TRASITI0N PROBABLITY OF THE LEVEL NO.2. 
TRPRB2= 1/AVLT2 
ERTRP2= ERAVLT2*TRPRB2*TRPRB2 
WRITE(2,302) 
PRINT 302 
302 FORMAT(4X,' CHISQR',lOX,' NFREE',10X,' ITERATIONS') 
WRITE(2,313) CHISQR,NFREE,ITER 
PRINT 313,CHISQR,NFREE,ITER 
313 FORMAT(F10.3, 114, 118) 
WRITE(2, 319) 
PRINT 319 
319 F0RMAT(4X,' FIT TO FUNCTION') 
CALL MAP(NPAR,1) 
WRITE(2,305) 
PRINT 305 
WRITE(2, 314) 
PRINT 314 
314 FORMAT(1OX,5X, 'PARAMETER',8X, 'ERROR') 
305 FORMAT(/5X,'FUNCTION=AF(1)*EXP(-AF(2)*XI) 
1 +AF(3)*EXP(-AF(4)*XI)'/) 
DO 315 I=1,NPAR 
WRITE(2,316) I,AF(I) ,SIGM(I) 
315 PRINT 316, I,AF(I) ,SIGM(I) 
316 'FORMAT(6X,IHP,12, F14.7, F14 . 7) 
WRITE(2,411)AVLT1,ERAVLT1,TRPRB1,ERTRP1 
PRINT 411, AVLT1,ERAVLT1,TRPRB1,ERTRP1 
411 FORMAT(2X,'AVLTl',E13.6, 
1 2X,'ERAVLTl',E13.6,2X,'TRPRBl',E13.6,'ERTRPl',E13.6) 
WRITE(2,412)AVLT2,ERAVLT2,TRPRB2,ERTRP2 
PRINT 412, AVLT2,ERAVLT2,TRPRB2,ERTRP2 
412 FORMAT(2X,'AVLT2',E13.6, 
1 2X,'ERAVLT2',E13.6,2X,'TRPRB2',E13.6,'ERTRP2',E13.6) 
WRITE(2,317) 
PRINT 317 
317 FORMAT(1IX,'X',13X,'Y',12X,'YFIT',lOX,'SIGY') 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
WRITE(2,318) (X(I),Y(I),YFIT(I),SIGMAY(I),I=1,NPTS) 
PRINT 318, (X(I),Y(I),YFIT(I),SIGMAY(I),I=1,NPTS) 
318 F0RMAT(F14.3,3X,F12.3,F14.3,F15.3) 
CLOSE(2,STATUS='KEEP') 
GO TO 10 
400 CONTINUE 
END 
SUBROUTINE CURFIT(X,Y,SIGMAY,NPTS,NPAR,MODE,A,AF,DELTAA, 
1 SIGMAA,FLAMDA,YFIT,CHISQR,NFREE) 
PURPOSE 
MAKE A LEAST-SQUARES FIT TO A NON-LINEAR FUNCTION 
WITH A LINEARIZATION OF THE FITTING FUNCTION 
DESCRIPTION OF PARAMETERS 
X - ARRAY OF DATA POINTS FOR INDEPENDENT VARIABLE 
Y - ARRAY OF DATA POINTS FOR DEPENDENT VARIABLE 
SIGMAY - ARRAY OF STANDARD DEVIATIONS FOR Y DATA POINTS 
C 
C 
C 
FIT 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
ITH TE 
C 
C 
C 
VATIVES 
C 
TO EACH 
C 
MENSION 
C 
RMINANT 
C 
C 
C 
NPTS - NUMBER OF PAIRS OF DATA POINTS 
NTERMS - NUMBER OF PARAMETERS 
MODE - DETERMINES METHOD OF WEIGHTING LEAST SQUARES 
+1 (INSTRUMENTAL WEIGHT(I) =1./SIGMAY(I) **2 
0 (NO WEIGHTING WEIGHT(I) =1. 
-1 (STATISTICAL WEIGHT(I) =1./Y(I) 
A - ARRAY OF PARAMETERS 
DELTAA - ARRAY OF INCREMENTS FOR PARAMETERS A 
SIGMAA - ARRAY OF STANDARD DEVIATIONS FOR PARAMETERS A 
FLAMDA - PROPORTION OF GRADIENT SEARCH INCLUDED 
YFIT - ARRAY OF CALCULATED VALUES OF Y 
CHISQR - REDUCED CHI SQUARE FOR FIT 
SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED 
FUNCTN (X,I,A) - EVALUATES THE FITTING FUNCTION FOR THE 
FCHISQ (Y,SIGMAY,NPTS,NFREE,MODE,YFIT) -
EVALUATES REDUCED CHI SQUARE FOR FIT TO DATA 
FDERIV)(X,I,A,DELTAA,NTERMS,DERIV) - EVALUATES THE DERI 
THE FITTING FUNCTION FOR THE ITH TERM WITH RESPECT 
MATINV (ARRAY,NTERMS,DET) - INVERTS A SYMMETRIC TWO-DI 
MATRIX OF DEGREE NTERMS AND CALCULATES ITS DETE 
COMMENTS 
DIMENSION STATEMENT VALID FOR NTERMS UPTO 10 
SET FLAMDA=0.001 AT THE BEGINNING OF THE SEARCH 
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c 
c 
DIMENSION X(300),Y(300),SIGMAY(300),A(10),AF(10),DELTAA(10), 
1 SIGMAA(IO),YFIT(300) 
DIMENSION WEIGHT(300),BETA(10),DERIV{10), 
1 ARRAY(10,10),B(10) 
11 NFREE=NPTS-NTERMS 
IF{NFREE) 13,13,20 
13 CHISQR=0. 
GO TO 110 
CCC 
CCC EVALUATE WEIGHTS 
CCC 
20 DO 30 I=1,NPTS 
21 IF(MODE) 22,27,29 
22 IF (Yd)) 25,27,23 
23 WEIGHT(I) =1./Y(I) 
GO TO 30 
25 WEIGHT(I) =l./(-Y(I)) 
GO TO 30 
27 WEIGHT(I) =1. 
GO TO 30 
29 WEIGHT(I) =1./SIGMAY(I)**2 
30 CONTINUE 
C EVALUATE ALPHA AND BETA MATRICES 
31 DO 34 J=1,NTERMS 
BETA(J) =0. 
DO 34 K=1,J 
34 ALPHA(J,K) =0. 
41 DO 50 I=1,NPTS 
CALL FDERIV(X,I,A,DELTAA,NTERMS,DERIV) 
DO 4 6 J=l,NTERMS 
BETA(J)=BETA(J)+WEIGHT(I)*{Y(I)-FUNCTN(X,I,A)) *DERIV(J) 
DO 4 6 K=1,J 
46 ALPHA(J,K)=ALPHA(J,K)+WEIGHT(I)*DERIV(J) *DERIV(K) 
50 CONTINUE 
51 DO 53 J=l,NTERMS 
DO 53 K=1,J 
53 ALPHA(K,J) =ALPHA(J,K) 
C EVALUATE CHI SQUARE AT STARTING POINT 
61 DO 62 I=1,NPTS 
62 YFIT(I) =FUNCTN(X,I,A) 
63 CHISQ1=FCHISQ(Y,WEIGHT,NPTS,NFREE, YFIT) 
C INVERT MODIFIED CURVATURE MATRIX TO FIND NEW PARAMETERS 
71 DO 7 4 J=l,NTERMS 
DO 7 3 K=l,NTERMS 
73 ARRAY(J,K)=ALPHA(J,K)/SQRT(ALPHA(J, J) *ALPHA(K,K)) 
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74 AREIAY(J,J) =1.+FLAMDA 
80 CALL MATINV(ARRAY,NTERMS,DET) 
81 DO 84 J=1,NTERMS 
B(J) =A(J) 
DO 84 K=1,NTERMS 
84 B(J)=B(J)+BETA(K)*ARRAY(J,K)/SQRT(ALPHA(J, J)*ALPHA(K,K) ) 
C IF CHI SQUARE INCREASED, INCREAASE FLAMDA AND 
TRY AGA 
91 DO 92 I=1,NPTS 
92 YFIT(I) =FUNCTN(X, I,B) 
93 CHISQR=FCHISQ(Y,WEIGHT,NPTS,NFREE, YFIT) 
IF(CHISQl-CHISQR) 95,101,101 
9 5 FLAM DA=10.* FLAMDA 
GO TO 71 
C EVALUATE PARAMETERS AND UNCERTAINTIES 
101 DO 103 J=1,NTERMS 
A(J) =B(J) 
103 SIGMAA(J)=SQRT(ARRAY(J,J)/ALPHA(J, J) ) 
FLAMDA=FLAMDA/10. 
110 RETURN 
END 
SUBROUTINE FDERIV(X,I,A,DELTAA,NTERMS,DERIV) 
DIMENSION X(300),A(10) ,DELTAA(10) ,DERIV(10) 
DO 18 J=l,NTERMS 
AJ=A(J) 
DALTA=DELTAA(J) 
A(J) =AJ+DALTA 
YF=FUNCTN(X,I,A) 
A(J) =AJ-DALTA 
DERIV(J) =(YF-FUNCTN(X,I,A)) /(2.*DALTA) 
18 A(J) =AJ 
END 
FUNCTION FCHISQ(Y,WEIGHT,NPTS,NFREE, YFIT) 
DIMENSION WEIGHT(100) ,Y(100) ,YFIT(100) 
CHISQ=0. 
12 IF(NFREE) 13,13,20 
13 FCHISQ=0. 
GO TO 4 0 
20 DO 30 I=1,NPTS 
WT=WEIGHT(I) 
30 CHISQ=CHISQ+WT*(Y(I) -YFIT(I))**2 
31 FREE=NFREE 
32 FCHISQ=CHISQ/FREE 
4 0 RETURN 
END 
SUBROUTINE MATINV(ARRAY,NORDER,DET) 
DIMENSION ARRAY(10,10) ,IK(10) ,JK(10) 
10 DET=1. 
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11 DO 100 K=1,N0RDER 
C FIND LARGEST ELEMENT ARRAY(I,J) IN REST OF MATRIX 
21 DO 30 J=K,NORDER 
DO 30 I=K,NORDER 
AMAX=0.0 
CHECK=ABS(AMAX)-ABS(ARRAY(I,J)) 
IF(CHECK) 24,24,30 
24 AMAX=ARRAY(I,J) 
IK(K)=I 
JK(K)=J 
30 CONTINUE 
C INTERCHANGE ROWS AND COLUMNS TO PUT AMAX IN ARRAY(K,K) 
31 IF(AMAX) 41,32,41 
32 DET=0. 
GO TO 140 
41 I=IK(K) 
IF(I-K) 21,51,43 
43 DO 50 J=1,N0RDER 
SAVE=ARRAY(K,J) 
ARRAY (K, J) =ARRAY(I,J) 
50 ARRAY(I,J) =-SAVE 
51 J=JK(K) 
IF(J-K) 21,61,53 
53 DO 60 I=1,N0RDER 
SAVE=ARRAY(I,K) 
ARRAY(I,K)=ARRAY(I,J) 
60 ARRAYd, J)=-SAVE 
C ACCUMULATE ELEMENTS OF INVERSE MATRIX 
61 DO 70 I=1,N0RDER 
IF(I-K) 63,70,63 
63 ARRAY(I,K)=-ARRAY/AMAX 
70 CONTINUE 
71 DO 80 I=1,N0RDER 
DO 80 J=1,N0RDER 
IF(I-K) 74,80,74 
74 IF(J-K)75,80,75 
75 ARRAYd, J)=ARRAY(I, J) +ARRAY(I,K) *ARRAY(K, J) 
80 CONTINUE 
81 DO 90 J=1,N0RDER 
IF(J-K)83,90,83 
83 ARRAY(K,J)=ARRAY(K,J)/AMAX 
90 CONTINUE 
ARRAY(K,K)=1./AMAX 
100 DET=DET*AMAX 
C RESTORE ORDERING OF MATRIX 
101 DO 130 L=1,N0RDER 
K=N0RDER-L+1 
J=IK(K) 
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IF(J-K)111,111,105 
105 DO 110 I=1,N0RDER 
SAVE=ARRAY(I,K) 
ARRAY(I,K)=-ARRAY(I,J) 
110 ARRAY(I,J)=SAVE 
111 I=JK(K) 
IF(I-K)130,130,113 
113 DO 120 J=1,N0RDER 
SAVE=ARRAY(K,J) 
ARRAY{K,J)=-ARRAY(I,J) 
120 ARRAYd, J)=SAVE 
130 CONTINUE 
14 0 RETURN 
END 
FUNCTION FUNCTN(X,IPT,AF) 
DIMENSION X(300),AF(10) 
XI=X(IPT) 
FUNCTN=AF(1)*EXP(-AF(2)*XI)+AF(3)*EXP(-AF(4)*XI 
RETURN 
END 
SUBROUTINE MAP(NPAR,MODE) 
1 
300 
310 
1 
IF(MODE)1,1,300 
NPAR=4 
RETURN 
WRITE(2,310) 
FORMAT(' P1=INTENSITY(1 
P3=INTENSITY(2),P4=1/VT 
RETURN 
END 
P2=l/VT(i; 
Page 
base 
Program test 
character fn2*20 
dimension al (1000),a2(1000),si(1000),s2(1000),s3(1000),s4 
1000) 
c write(*,*)vl,w0,xl,ml,m2 (1000) 
common rl,thetaO,deltas,xl,pi,dfl,ml,m2,nmax,vl,wO 
common di(lOOO),dii(1000),y(1000),y2(1000) 
common ddi(1000),ddii(1000),z(1000),z2(1000) 
write(*,*)"give me the input file name" 
read(*,*)fn2 
OPEN(16,FILE=FN2,STATUS='UNKNOWN') 
go to 4444 
777 write(*,*)"give me the input file name" 
read(*,*)fn2 
OPEN(16,FILE=FN2,STATUS='UNKNOWN') 
go to 7777 
c print*,'give me the number iterations (max 1000)' 
c read*,nmax 
c write(*,*)'INITIALQ STATE (e) = ?' , 
c read(*,*)ml 
c write(*,*)'FINAL Q-STATE (e) = ?' 
c read(*,*)m2 
c write(*,*)'THE VALUE OF R (IS) (mm) = ?' 
c read(*,*)r 
c 
c write(*,*)'THE VALUE OF THETAO = ?' 
c read(*,*)theO 
4444 the0=3.00 
theta0=the0*(22.00/(7.00*180)) 
c write(*,*)'THE VALUE OF DELTAS = ?' 
c read(*,*)deltas 
c write (*,*) 'PLATE LENGTH (mm; 
c read(*,*)xl 
c write(*,*)'APPLIED VOLTAGE (kV) 
c read(*,*)vl 
c write(*,*)'ION ENERGY (keV) = ?' 
c read(*,*)wO 
c 
c Write(*,*)'DRIFT LENGTH (MTS) = ?' 
c read(*,*)dfl 
c 
nmax=500 
ml = 15 
m2 = 30 
rl=95.405 
= 9 ' 
= 9 ' 
deltas=2.0 
xl=400.00 
vl=20.00 
wO=100000.00 
df1=0.000 
pl=5.00 
go to 888 
7777 Write(*,*)" Write No for change in parameter" 
write{*,*)"No. Of Iteration =2","Intial Q-state=3" 
write(*,*)"Final Q-state=4","Radious r=5" 
write (*,*)" Deltas =6","Plate length=7" 
write(*,*)"Applied Voltage=8","Energy=9" 
write(*,*)"Drift Length=10","plate Separation=ll" 
Write (*,'^l "No change =12" 
read(*,*)nis 
if(nis.eq.2)go to 901 
if(nis.eq.3)go to 902 
if(nis.eq.4)go to 903 
if(nis.eq,5)go to 904 
if(nis.eq.6)go to 905 
if(nis.eq.7)go to 906 
if(nis.eq.8)go to 907 
if(nis.eq.9)go to 908 
if(nis.eq.lO)go to 909 
if(nis.eq.11)go to 910 
if(nis.eq.12)go to 888 
901 nmax=0 
write(*,*)" Value of No of iteration" 
read(*,*)nmax 
go to 7777 
902 ml = 0 
Write(*,*)"New value of Intial charge state" 
Read(*,*)ml 
go to 7777 
903 m2 = 0 
write(*,*)"New value of Final charge state" 
read(*,*)m2 
go to 7777 
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904 rl=0.0 
write(*,*)"New value of radious" 
read(*,*)rl 
go to 7777 
905 deltas=0.0 
write(*,*)"New value of Deltas" 
read{*,*)deltas 
go to 7777 
906 xl=0.0 
write(*,*)"New value of plate of Plate length" 
read(*,*)xl 
go to 7777 
907 vl=0.0 
write(*,*)"New value of applied voltage" 
read(*,*)vl 
go to 7777 
908 W0=0.0 
write(*,*)"New Energy in (Kev)" 
Read(*,*)w0 
go to 7777 
909 dfl=0.0 
Write(*,*)"New value of drift length" 
read(*,*)dfl 
go to 7777 
910 pl=0.0 
write(*,*)"New value of Plate separation" 
read(*,*)pi 
go to 7777 
888 Write (*,*) 'angle=l,deflection=2,Total Defwith drift = 3 
read(*,*)x7 
c nmax=500 
c ml=15 
c m2=30 
c rl=95.405 
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c 
c 
c 
c 
c 
c 
write 
write 
write 
write 
write 
write 
Write 
write 
write 
write 
write 
write 
write 
write 
Write 
write 
deltas=2.0 
xl=400.00 
vl=20.00 
wO=100000.00 
df1=0.000 
pl=5.00 
THE VALUE OF R (mm) 
THE VALUE OF THETAO 
THE VALUE OF DELTAS 
PLATE LENGTH (mm) 
APPLIED VOLTAGE (kV) 
ION ENERGY (keV) 
INTIAL Q-STATE (e) 
FINAL Q-STATE (e) 
* ) 
*) 
*) 
*) 
16,* 
16,* 
16,* 
16,* 
16,* 
16,* 
16,* 
16,* 
'THE VALUE OF 
'THE VALUE OF 
'THE VALUE OF 
•PLATE LENGTH 
R (mm) 
THETAO 
DELTAS 
(mm) 
'APPLIED VOLTAGE (kV) 
'ION ENERGY (keV) 
'INTIAL Q-STATE (e) 
'FINAL Q-STATE (e) 
,rl 
,thetaO 
,deltas 
,xl 
,vl 
,wO 
, ml 
,m2 
,rl 
,thetaO 
,deltas 
,xl 
,vl . 
,wO 
, ml 
,m2 
call ISEA 
call IPPP 
call ppp 
call ppi 
if(x7.eq 
if(x7.eq 
if(x7.eq 
2) go 
Dgo 
3) go 
to 
to 
to 
110 
120 
130 
110 WRITE(*,701) 
write(16,701) 
701 format(40('++')) 
write(*,702) 
write(16,702) 
702 format(20('*'),"Deflection in mm",20('*')) 
write(*,701) 
write(16,701) 
write(*,703) 
write(16,703) 
7 03 format('S.No',IX,'Q-State',5x,'ISEA',10X,'IPEA 
6 12x,'EISEA',15x,'EIPEA') 
write(*,701) 
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write(16,701) 
do 161 i=ml,ra2 
write(*,101)i-ml + l,i,di(i),dii(i) , y(i),y2(i) 
write(16,101)i-ml+l,i,di(i) , dii(i) , y(i) , y2(i) 
101 format(i2,2x,13,2x,f15.8,2x,f15.8,2x,f15.8,2x,f15 
161 continue 
go to 150 
C 
120 WRITE(*,731) 
write(16,731) 
731 format(40('++')) 
write(*,732) 
write(16,732) 
732 format(20('*'),"Deflection angle in radians",20('*' 
write(*,731) 
write(16,731) 
write(*,733) 
write(16,733) 
7 33 format('S.No',1X,'Q-State',5x,'ISEA',lOX,'IPEA', 
6 12x,'EISEA',15x,'EIPEA') 
write(*,731) 
write(16,731) 
do 162 i=ml,m2 
write(16,102)i-ml+1,i,ddi(i) ,ddii(i) ,z(i) ,z2(i) 
write(*,102)i-ml + 1,i,ddi(i) ,ddii(i) , z(i) , z2(i) 
102 format(12,2x,i3,2x,f15.8,2x,f15.8,2x,f15.8,2x,f15.8 
162 continue 
go to 150 
130 WRITE(*,721) 
WRITE(16,721) 
721 format(40(•++')) 
write(*,722) 
write(16,722) 
722 format(20('*'),"Deflection angle & in mm also",20(' 
write(*,721) 
WRITE(16,721) 
write(*,723) 
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write(16,723) 
723 format('S.No',IX,'Q-State',5x,'ISEA',lOX,'IPEA', 
6 12x,•EISEA',15x,'EIPEA') 
write(*,721) 
write(16,721) 
do 163 i=ml,m2 
write (*, 103) i-ml + 1, i, di (i) , dii (i) , y (i) , y2 (i) 
write(16,103)i-ml + 1,i,di(i) , dii(i) , y(i) , y2(i) 
write(*,103)i-ml + 1,i,ddi(i) ,ddii(i) , z(i) , z2(i) 
write(16,103)i-ml + 1,i,ddi(i) ,ddii(i) , z(i) , z2(i) 
103 format(12,2x,13,2x,f15.8,2x,f15.8, 2x,f15.8, 2x, fl5, 
163 continue 
go to 150 
C 
150 write(*,77) 
write(16,77) 
77 format(40('++')) 
Write(*,*)" 24 for finish 25 fr change in variable" 
read(*,*)nia 
if(nia.eq.24)go to 333 
if(nia.eq.25)go to 777 
333 stop 
end 
•k -k * * * 
subroutine ISEA 
real s(lOOO), t(lOOO), alpha(1000),rho(1000),theta(1000) 
real phi(1000),xh(1000),yv(1000) 
common rl,theta0,deltas,xl,pl,dfl,ml,m2,nmax,vl,wO 
common di(1000),dii(1000),y(1000),y2(1000) 
common ddi(1000),ddii(1000) 
v=vl 
r=rl 
r=2*r 
v=4*v 
do 59 ii=ml,m2 
q=ii 
do 10 i=l,nmax 
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t(i)=0. 
alpha(i)=0. 
s(i)=0. 
rho(i)=r 
theta(i)=0. 
10 continue 
m=nmax 
do 11 i=2,nmax 
xx=q*v/(wO*thetaO) 
s{i) = s(i-l) + deltas 
t(i) = t(i-l) + deltas/sqrt(1. + theta(i-1)*xx) 
alpha(i)= t(i)*xx/sqrt(1.+xx*theta(i-1))/(2.*rho(i-l)) 
rho(i)=rho(i-l) + sqrt(l. - alpha(i-1)*alpha(i-1))*deltas 
theta(i)= theta(i-l)+ alpha(i-1)*deltas/rho(i-1) 
phi(i) = theta(i) + asin(alpha(i)) 
xh(i)=rho(i)*cos(theta(i)) 
yv(i)=rho(i)*sin(theta(i)) 
write(2,*)xh(i),yv(i) 
if {rho(i) .gt.r+xl)then 
m=i 
goto 12 
endif 
11 continue 
12 do 13 n=m-l , m 
distl=(r+xl)*sin(theta(i))+.5 
dist2=(r+xl)*sin(thetaO) 
13 continue 
ddi(ii)=alpha(m) 
di(ii)=xl*tan(alpha(m))/2 
c write(*,*)alpha(m) 
59 continue 
return 
end 
* * * * • 
subroutine IPPP 
real s(lOOO), t(lOOO), alpha(1000),rho(1000),theta(1000) 
real phi(1000),xh(1000),yv(1000) 
common rl,thetaO,deltas,xl,pi,dfl,ml,m2,nmax,vl,wO 
common di(1000),dii(1000),y(1000),y2(1000) 
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common ddi(1000),ddii(1000) 
v=vl 
r=rl 
r=r 
v=2*v 
do 59 ii=ml,m2 
q=ii 
do 10 i=l,nmax 
t(i)=0. 
alpha(i)=0. 
s(i)=0. 
rho(i)=r 
theta(i)=0. 
10 continue 
m=nmax 
do 11 i=2,nmax 
xx=q*v/(wO*thetaO) 
s(i) = s(i-1) + deltas 
t(i) = t(i-l) + deltas/sqrt(1. + theta(i-1)*xx) 
alpha(i)= t(i)*xx/sqrt(l.+xx*theta(i-1))/(2.*rho(i-l)) 
rho(i)=rho(i-l) + sqrt(l. - alpha(i-1)*alpha(i-1))*deltas 
theta(i)= theta(i-l)+ alpha(i-1)*deltas/rho(i-1) 
phi(i) = theta(i) + asin(alpha(i)) 
xh (i)=rho(i)*cos(theta(i)) 
yv(i)=rho(i)*sin(theta(i) ) 
write(2,*)xh(i) ,yv(i) 
if(rho(i).gt.r+xl)then 
m=i 
goto 12 
endif 
11 continue 
12 do 13 n=m-l , m 
distl=(r+xl)*sin(theta(i))+.5 
dist2=(r+xl)*sin(thetaO) 
13 continue 
ddii(ii)=alpha(m) 
dii(ii)=xl*tan(ddii(ii))/2.0 
c write(*,*)alpha(m) 
59 continue 
return 
end 
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C++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
+++++++++++++ 
subroutine ppp 
dimension qs(1000),z3(1000) 
dimension ta(1000),d(1000) 
common rl,thetaO,deltas,xl,pi,dfl,ml,m2,nmax,vl,wO 
common di(1000),dii(1000),y(1000),y2(1000) 
common ddi(lOOO),ddii(1000),z(1000), z2(1000) 
vp=vl 
wo=wO 
36 ds=xl 
r=rl 
pd=((3.0)*pl+(r+xl)*sin(thetaO) ) 
c pd2=(l/2)*pd 
do 20 i=ml,m2 
qs(i)=i 
y (i) = (qs(i)*vp*ds*ds )/(Wo*pd) 
z(i)=atan((2*y(i))/ds) 
c write(*,*)y(i),qs(i),vp,ds,wo,pl 
Write(*,*)"pd======",pd/2,pi 
20 continue 
return 
end 
C++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
subroutine ppi 
dimension qs(1000),z3(1000) 
dimension ta(1000),d(1000) 
common rl,thetaO,deltas,xl,pi,dfl,ml,m2,nmax,vl,wO 
common di(1000),dii(1000), y(1000),y2(1000) 
common ddi(1000),ddii(1000),Z(1000), z2(1000) 
vp=vl 
wo=wO 
36 ds=xl 
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r = r l 
p d = ( p l + ( r + x l ) * s i n ( t h e t a O ) ) 
c w r i t e ( * , * ) " pd+++++++++++",pd,pi 
do 20 i=ml,m2 
q s ( i ) = i 
y 2 ( i ) = ( q s ( i ) * v p * d s * d s )/(2*Wo*pd) 
z 2 ( i ) = a t a n ( { 2 * y 2 ( i ) ) / x l ) 
c w r i t e ( * , * ) z 2 ( i ) , y 2 ( i ) , x l , " ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ) ) ) " 
20 c o n t i n u e 
r e t u r n 
end 
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